Rotator cuff lesions (RCL) have considerable variability in location, tear pattern, functional impairment, and repairability.
Introduction
A clear consensus on the classification of rotator cuff lesions (RCLs) does not yet exist. A valuable classification system would be reproducible, encourage communication among surgeons and would provide more precise information regarding treatments and outcomes. As new types of RCLs have recently been identified, some of the previous definitions and treatment options are no longer valid. Advances in imaging and the advent of arthroscopy in particular have provided opportunities to better understand RCLs, and led to additions to historical descriptors. RCLs can be treated with a wide variety of approaches including non-operative management, open or arthroscopic repair and shoulder arthroplasty. Given this variability in management options, precise and comprehensive classifications are not only mandatory for deciding which treatment is the best for patients but also for comparing published outcomes.
This paper provides a comprehensive review of current classification systems for RCLs, and describes our method for the comprehension and treatment of full-thickness lesions based on isolated or combined involvement of the bone, tendon, musculotendinous junction, or muscle.
Definition and classification
All full-thickness or equivalent RCLs treated with surgery by one of the authors (AL) between April 2012 and December 2015 were reviewed. A total of 368 RCLs were treated during this period. The mean age was 56 years at the time of surgery (22 to 83). There were 172 women and 196 men. The RCLs were categorised into three major groups based on involvement of the bone (type A), tendon (type B) or musculotendinous junction (type C). In addition, muscle insufficiency (type D) was noted when present ( Fig. 1) . The tear pattern distribution is summarised in Table 1 .
Type A: bony involvement
While the majority of RCLs involve the tendinous insertion, bony involvement is an important consideration in a Classification of full-thickness rotator cuff lesions: a review comprehensive classification. Bony involvement includes acute fractures, malunion/nonunion, and chronic bony insufficiency.
A1: acute bony involvement (fractures and avulsions)
Isolated greater tuberosity fractures are considered uncommon, representing less than 5% of all operatively treated proximal humeral fractures. 1 Isolated lesser tuberosity fractures are generally considered rare. In our practice, type A lesions of the greater or lesser tuberosity represent approximately 3.2% and 1.1%, respectively, of surgically treated RCLs (see Table 1 ). Tuberosity fractures are included in the accepted classification for proximal humeral fractures by Neer, 2 in itself a modification of Codman's original description. As the greater and lesser tuberosity form the insertion site of the rotator cuff, even small tuberosity fractures or avulsions can represent substantial disruption of the rotator cuff and lead to functional impairment if displaced and left untreated. Historically, Neer proposed 10 mm of displacement as a threshold for operative intervention. 2 However, more recent investigation has recommended that a threshold of 5 mm should be used. 3 Displacement of greater than 5 mm can lead to bony impingement with loss of range of motion as well as loss of strength from compromise in the normal length-tension relationship of the rotator cuff. 4 A traumatic mechanism is a typical cause of this injury, such as violent muscular contraction, impaction of the greater tuberosity beneath the acromion or shearing against the anterior glenoid rim during a glenohumeral dislocation. Thorough patient evaluation is required to make an appropriate treatment recommendation. Conservative therapy is limited to non-or minimally displaced fractures. The ongoing development of arthroscopic techniques has led to multiple reports of arthroscopically-assisted or total arthroscopic techniques in the treatment of these injuries. 5
A2: tuberosity malunion/nonunion
Tuberosity malunion or nonunion can be a sequel of either conservative or surgical treatment of acute injuries (Fig. 2) . As noted previously, displacement effectively shortens the muscle-tendon unit such that the rotator cuff cannot function properly (Fig. 2) . various open techniques have been described for the management of the malunion of proximal humeral fractures, including prosthetic reconstruction, open corrective osteotomy 6 or arthroscopic capsular release followed by takedown of the rotator cuff from the malunited proximal humerus, tuberoplasty and rotator cuff advancement. 4 Although the latter technique is technically demanding, it allows preservation of the native humeral head which is associated with a low complication rate, and avoids concerns about long-term prosthetic survival in young patients (Fig. 2) .
A3: tuberosity insufficiency
Tuberosity insufficiency can range from contained cystic bony defects within the tuberosity to the absence of the entire tuberosity. Cystic bony defects are often encountered during primary or revision rotator cuff repair. Such defects may be idiopathic, related to the patient's rotator cuff disease, or secondary to osteolysis from breakdown of bioresorbable anchors. These osseous defects reduce biological healing capacity and may decrease repair fixation strength. Bone grafting techniques are needed to address these defects. 7 We have also observed occasional complete resorption of the tuberosities (Fig. 3 ). In such a situation, a simple tendon rotator repair is usually unsuccessful, as a large bony defect significantly lowers the prognosis for primary repair. 8 Therefore, reconstruction of this combined bony and tendon defect may require both tendinous and bony reconstruction. In older patients, such insufficiency is most reliably addressed with reverse shoulder arthroplasty (RSA). However, RSA is not ideal for young patients as multiple studies have demonstrated increased complications in this patient population. 9, 10 Recently, a fresh frozen bony-tendinous allograft of the calcaneum and Achilles tendon has been used effectively to address this difficult problem (video 1). 11
Type B: full thickness tendon lesion

B1: lateral tendinous disruption
Full thickness disruption of the lateral tendon stump is the most frequent type of RCL, comprising approximately 90.1% of all surgically treated lesions (Table 1) . Tendinous lesions most commonly involve the posterosuperior cuff. Subscapularis tears are nevertheless found in 59% of arthroscopic rotator cuff repairs. 12 However, such tears are only full-thickness in 8.7% of cases, and are rarely isolated.
Size of tendon lesion
Classifications for tear size include measurement in centimetres 13, 14 or number of tendons involved. [15] [16] [17] We believe that size classification should take into account threedimensional information, as proposed by Davidson and Burkhart 14 and Lädermann et al. 17 This information can be derived from arthroscopy or magnetic resonance imaging and is used to offer guidance on treatment and prognosis. Once size is identified, it can be further classified according to Collin et al. 18 In this classification, the rotator cuff is divided into five components: supraspinatus; superior subscapularis; inferior subscapularis; infraspinatus; and teres minor (Fig. 4a) . Rotator cuff tear patterns can then be classified into five types: type A, supraspinatus and superior subscapularis tears; type B, supraspinatus and entire subscapularis tears; type C, supraspinatus, superior subscapularis, and infraspinatus tears; type D, supraspinatus and infraspinatus tears and type E, supraspinatus, infraspinatus, and teres minor tears (Fig. 4b) . 18 This classification not only subclassifies massive tears but has also been linked to function, particularly the maintenance of active elevation, 18 giving more information than the traditional six sagittal segments of Patte's classification. 19 
Tendon retraction
Patte devised a method of classifying tendon coronal retraction 19 that is often used for research purposes. The retraction is due to tendon and muscle shortening that are not synchronous after tendon tear. 20 Substance loss in the later stages of musculotendinous retraction may be because of active shortening of the tendon substance, suggesting that over-reduction and lateral transposition of the tendon over the greater tuberosity may be unphysiological.
Tear pattern
Full-thickness posterosuperior tears come in a variety of patterns. The most common categories include crescent tears, L-and reverse L-shaped tears, and u-shaped tears accounting respectively for 40%, 30% and 15% of posterosuperior RCLs. 14 Recognition of these tear patterns is most useful for anatomical restoration during repair. Crescent tears have good medial-to-lateral mobility and are amenable to a double-row repair. Longitudinal tears (L-and reverse L-shaped tears; u-shaped tears) have greater mobility in one plane and typically require margin convergence to achieve complete repair. Finally, massive contracted tears have also been described. These tears have limited medial-to-lateral and anterior-to-posterior mobility and typically require advanced mobilisation techniques (i.e. interval slides) to achieve repair. Full-thickness subscapularis tears are classically described as types II to v according to Lafosse et al. 21 A type II is a full thickness tear of the superior one-third of the tendon. A type III tear includes the superior two-thirds. Type II and III tears correspond to the upper subscapularis of Collin et al. 18 Type Iv tears involve the entire subscapularis and type v tears are type Iv tears with > grade III fatty degeneration; these lesions are equivalent to the subscapularis minor described by Collin et al (Fig. 4) . 22 Subscapularis tendon tears can be successfully repaired arthroscopically 23 and the improvement in functional outcome is durable in the long term. 24
B2: medial tendinous disruption
Disruption of the tendon medial to an intact lateral tendon stump has been reported in primary chronic and acute cases 25,26 or post-operatively as a failure medial to the medial row. 27 Regarding the former, it is now understood that the infraspinatus insertion is quite broad and wraps around posterior to anterior to occupy much of the lateral greater tuberosity. Therefore, such descriptions of a lateral tendon stump remaining may in fact represent a torn supraspinatus with an intact infraspinatus.
Full thickness defects medial to an intact footprint of the rotator cuff can be seen following a rotator cuff repair (Fig. 5 ). Trantalis et al described five patients with medial failure following a double-row rotator cuff repair. 27 Such failure results from over-tensioning during repair and is very difficult to manage with revision repair. These lesions do not produce muscular oedema, except in traumatic cases with important and acute retraction of the muscle and the remnant of the tendon (Fig. 6) . Its origin is then either retraction, which may appear after some hours, or neurological lesions, which are noted after some weeks. 28
B3: tendon-to-tendon adhesion: 'Fosbury flop tear'
The Fosbury flop tear is a newly-described lesion which occurs from a full-thickness tear that has flipped upon itself and adhered medially (Fig. 7) . In a prospective study of 97 patients spanning one year, Lädermann, Denard and kolo 29 reported five patients with full-or partial-thickness RCLs (a 5% incidence rate). Radiologically, these lesions showed a thicker than normal tendon stump on the bursal side of the retracted supraspinatus tendon, in a superomedial orientation. Additionally, patients with this lesion were also found to have an accumulation of fluid in the superomedial part of the subacromial bursa as well as adhesions between the wall of the subacromial bursa and the tendon of the supraspinatus. All cases were successfully repaired arthroscopically (see video 2). 29 Since the original description, another group verified the same entity. 30
B4: tendon-to-acromion adhesion
Disruption of the lateral tendon stump can be followed by adhesion under the acromion, the coracoid process or the coraco-acromial arch (Fig. 8) . 31 These adhesions are most pronounced in revision situations but may also be observed in primary cases, particularly in the setting of a massive contracted rotator cuff tear. 
Type C: musculotendinous junction lesion
Isolated ruptures of the musculotendinous junction are rare in the rotator cuff, but have a dramatic impact on functional outcome. Such lesions have been observed in all muscles of the rotator cuff, affecting the infraspinatus muscle in half of cases, supraspinatus in 31% of cases, subscapularis in 25% and the teres minor in 19% of cases (more than one muscle is occasionally involved). 32 These lesions can be classified into three stages. Grade I injuries are a muscular strain that heals without adverse sequelae, grade II are partial ruptures without tendon retraction, and grade III classify complete ruptures at the musculotendinous junction. 33 The acute phase of these injuries is associated with severe inflammation, leading to a highly characteristic bright signal on T2-weighted magnetic resonance imaging (MRI) (Fig. 9) . Oedema of rotator cuff muscle with an intact tendon bone insertion is infrequent. It has been described in cases of denervation such as compression of the suprascapular nerve, 34 in Parsonage-Turner syndrome 35 and in other rare and non-specific conditions. Complete musculotendinous junction ruptures have only been described in the infraspinatus 36 and the supraspinatus. 37, 38 Possible causes for musculotendinous junction infraspinatus lesion are calcific tendinitis or previous cortisone injection. On the other hand, rupture of the other muscles appears to be due to trauma or inlet impingement syndrome. 32, 38 There is little information about the clinical results of grade III musculotendinous junction lesions.
Type D: muscle insufficiency
D1: fatty infiltration and muscle atrophy
One of the most important prognostic factors for rotator cuff repair is non-functional muscle bellies. 39 Muscle quality is most commonly classified according to Goutallier et al to determine the extent of injuries based upon the degree in which fat is present in the muscle. They proposed a five-stage classification system of fatty infiltration. Additionally, they demonstrated that multiple muscles develop fatty degeneration, even when not impacted directly by the original lesion. 39 With the advent of MRI however, the classification was extrapolated to the most lateral parasagittal image on which the scapular spine was in contact with the scapular body ('Y view'). 40 The mean time to tendon rupture observed for stage II fatty infiltration is three years for the supraspinatus, and two and a half years for the infraspinatus and the subscapularis. 41 The mean time observed to grade III and Iv fatty infiltration is five, four and three years for the supraspinatus, the infraspinatus and the subscapularis, respectively. 41 Zanetti, Gerber and Hodler 42 described a radiographic tangent sign to quickly and reliably assess the presence or absence of supraspinatus atrophy on MRI scan. This sign is a reliable method for evaluating the presence or absence of muscle atrophy using the sagittal plane, and is moreover significantly related to the level of fatty infiltration within the supraspinatus muscle. 43 It has been reported to be a predictor of whether a rotator cuff tear will be repairable. 44 On the other hand, in a recent prospective analysis, Denard et al found that a complete repair could be achieved in over 90% of patients with this sign, which the Fig. 8 a) A coronal view of a right shoulder CT arthrogram shows a probable B2 rotator cuff lesion (RCL) with a Patte 3 retraction. b) The arthroscopic view through lateral portal revealed after partial debridment that the tendon was not retracted but actually had adhered under the acromion (B4 RCL).
Fig. 9
Axial and sagittal T2-weighted FATSAT MRI images demonstrating a type C rotator cuff lesion (RCL) with an intact tendon, a stage 3 rupture of the musculotendinous junction, and huge oedema of the muscle.
authors attributed to repair of the subscapularis tendon and advanced mobilisation techniques. 45 Thomazeau et al proposed calculating the occupation ratio of the supraspinatus muscle belly using MRI scan. 46 This involved a comparison of the supraspinatus fossa volume with the total supraspinatus muscle belly volume and calculating the ratio. This ratio was found to be significantly decreased in patients with repairable rotator cuff tears.
In general, rotator cuff repair should be performed before the appearance of fatty infiltration (stage II) and atrophy (positive tangent sign), and as soon as possible in older patients when the tear involves multiple tendons. 47 
D2: neurological impairment
Isolated suprascapular nerve neuropathy is a condition associated with acute and chronic shoulder girdle traction injuries, compressive lesions such as paralabral cysts and compressive ligaments, as well as large or massive rotator cuff tears. 48 In the latter situation, the proposed mechanism involves traction of the nerve caused by retraction of the supraspinatus against its fixed points on the suprascapular and spinoglenoid notches. 49 However, clinical diagnosis is beset with uncertainties as the potential symptoms of suprascapular nerve neuropathy -namely, pain, weakness and atrophy -are inseparable from those of RCL-associated symptoms. Currently, there is no support for routine suprascapular nerve release as the prevalence of suprascapular nerve neuropathy in the setting of a massive rotator cuff tear was very low (2%) in a recent prospective study. 48 
D3: tumours
Many tumours such as an arthrosynovial cyst, intramuscular lipoma or calcified haematoma can develop at the expense of the muscular tissue and cause muscular insufficiency (Fig. 10) . 50 These impairments can be isolated, or may have other RCL associations. Management may 
Discussion
This review summarises the current literature regarding full-thickness RCL classification. We have used a simple method (A-B-C-D) , presenting different types of RCLs and allowing the classification of all types of lesions. using historical methods, more than 10% of the RCLs observed in this series would not have been described.
One aim of this review was to describe RCL patterns. One point of interest is that bone involvement was found in around 7% of cases. This prevalence was unexpected and reiterates the importance of good pre-operative planning, as these lesions are less easily diagnosed and not treated in the same way as classical tendon lesions. One should anticipate osteosynthesis (open or arthroscopic) or reverse shoulder arthroplasty for fractures, whereas cancellous bone graft for cysts, or even bony and tendon grafts or reverse shoulder arthroplasty are required in the setting of tuberosity resorption.
Another point of interest in the present article is the importance of pre-and intra-operative comprehension of type B1 and B3 lesions, the lateral tendinous disruption and Fosbury flop tear. Successful repair of both types of lesions are dependent upon an understanding of tear patterns. With proper recognition, most RCLs in our hands are at least partially repairable. Nevertheless, even in the case of a partial repair, or only partial healing of the repair, the restoration of balanced force couples and the 'suspension-bridge' system of force transmission in the shoulder allowed successful results. 51 The distinction between a B2 lesion (medial tendinous disruption) and a C lesion (musculotendinous junction lesion) remains extremely difficult. First, the stump of the tendon can be short and not always visible on MRI. Second, B2 lesions traditionally do not demonstrate typical muscular oedema. 27 However, we have observed several cases of traumatic B2 lesions with substantial muscular oedema only some days after the trauma (Fig. 6 ) that we called oedema of retraction. Effectively, oedema of denervation does not appear until weeks later. 28 Recently, Wieser et al analysed a sheep rotator cuff tear model and the development of muscular oedema after tenotomy. In their study design, the first MRI was performed immediately after surgery and after six and 16 weeks. 52 Consequently, no comment about acute/retraction oedema could be made, the MRI having been performed too soon after the tenotomy. Research remains to be done in this domain to understand the precise cause of oedema and the timing of installation.
D lesions (muscle) remain challenging. First, we believe that there is confusion regarding the Goutallier et al 39 classification, which classified muscle quality by the amount of fatty infiltration in the rotator cuff muscle as identified on CT in the axial plane, with a thorough analysis of the whole muscle belly. However, a sagittal MRI is currently used the most (Y view), which can overestimate fatty infiltration due to musculotendinous retraction frequently seen in rotator cuff tears. As a result, a normal muscle can be interpreted as completely fat-infiltrated if such MRI criteria are used, and conversely, supposed fat. infiltrated muscle can post-operatively appear normal. The muscle bellies should thus be assessed on both T1-weighted axial and sagittal views with cuts sufficiently medial to allow proper assessment, regardless of retraction. Secondly, there is no proof that repair of a tendon lesion, or tumour removal inducing mechanical stress, improves muscle status post-operatively. The best way to prevent irreversible fatty infiltration and atrophy remains rotator cuff repair. In the future, it is probable that other methods of prevention and treatment in certain groups of patients, such as administration of an anabolic steroid, 53 may prevent the occurrence of these troublesome complications.
Conclusion
Rotator cuff lesions can involve one of four distinct anatomical segments: a) bone; b) tendon; c) musculotendinous junction; and d) muscle. A comprehensive classification system that incorporates the pertinent anatomical segment of the rotator cuff lesion provides a more complete description of the lesion than other classification systems.
fundIng
The author or one or more of the authors have received or will receive benefits for personal or professional use from a commercial party related directly or indirectly to the subject of this article. In addition, benefits have been or will be directed to a research fund, foundation, educational institution, or other nonprofit organisation with which one or more of the authors are associated. 
